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Abstract: Essential oil compounds (EOCs) are molecules with well-known antimicrobial and antipest
activity. However, such molecules possess limited solubility in water, making their handling difficult.
This work aimed to enhance the distribution of a solid essential oil compound, thymol, using
oil-in-water (o/w) microemulsions for its solubilization. The use of mixtures formed by an alkyl
polyglucoside (APG) and soybean lecithin (SL) allowed for stabilization of the o/w microemulsions
in a broad range of compositions, with the total concentration of the mixture of the two surfactants
(APG+SL) and the APG:SL ratio both being essential for controlling the nature of the obtained
dispersions. The microemulsions obtained using oleic acid as the oil phase and with compositions far
from those corresponding to the onset of the emulsion region showed a good efficiency for thymol
solubilization. This is an advantage from a stability point of view, as well as for ease of thymol
preparation. The present work opens new alternatives for designing eco-sustainable formulations for
EOC solubilization, with the possibility of preparing the formulations at the place of use, thereby
saving transport costs and reducing the emission of pollutants.
Keywords: microemulsions; essential oil; phase diagram; dynamic light scattering; solubilization;
fluorescence spectroscopy
1. Introduction
The pursuit for new formulations that increase the availability of hardly soluble molecules in
water is a challenge for different scientific and technological fields, ranging from cosmetics to food
science, and from drug delivery to pest control [1]. This has driven extensive research that aims to
overcome the main limitations associated with dispersion of such molecules, and includes designing
well-sketched platforms which enable their solubilization [2–5]. Importantly, it necessary to find a
strategy that increases the availability of the solubilized compounds without compromising their
activity. The latter is particularly significant because solubilization of active compounds should ensure
the protection of the solubilized molecules against degradation processes, including those of a chemical,
enzymatic or physical nature.
Among the different colloidal systems with potential application for solubilization of hydrophobic
compounds, such as essential oil compounds (EOCs), oil-in-water emulsions (o/w) may be one of the
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most promising alternatives for such a purpose [6]. Different types of emulsions can be distinguished:
macroemulsions, nanoemulsions and microemulsions [7]. These classifications are not based on
the size of the dispersed phase, as might be expected from their names, with the thermodynamic
stability being the main difference between the different types of emulsions. Also, the mechanical
energy necessary for dispersing an oil phase in water is very different in o/w emulsions and o/w
microemulsions. Thus, it is important to take care when selecting an emulsion type when fabrication of
solubilization platforms is concerned. As a result, the use of thermodynamically stable emulsions—the
so-called microemulsions—seems to be preferred, which is mainly associated with their thermodynamic
stability and the low mechanical energy needed for preparation of their dispersions. The transparency
of microemulsions, associated with a mean droplet size in the range 4 to 200 nm, minimizes their
potential effects on the organoleptic properties of consumer products. Further, their high specific
surface area, which facilitates the availability of the solubilized molecules, makes microemulsions
a suitable alternative in the design of solubilization platforms [8,9]. In addition, some studies have
shown that the use of microemulsions as a delivery platform improves the targeted therapeutic
action, reducing the drug toxicity for humans [10–12]. Therefore, the use of o/w microemulsions is
of particular interest because they provide a protected environment for solubilizing EOCs within oil
droplets, favoring the distribution of the solubilized material in an aqueous environment [8,13,14].
Successful EOC solubilization impacts a number of different technological and industrial areas due to
the recognized activity of this type of molecule as neurotoxic for a variety of insects and antimicrobial
against multi-resistant bacteria or preservatives [15–18]. Among the application fields of EOCs, one
can mention the cosmetic industry (ingredients of fragrances, decorative cosmetics, fine fragrances
and flavoring), food industry (aromas and flavors), pharmaceutical industry (active components
of medicines and antibacterials/antimicrobials) and aromatherapy. Currently, EOCs are also used
as intermediaries in fine chemistry reactions [19]. It is worth noting that EOCs’ poor solubility in
water and chemical instability make their handling difficult, reducing the effective application of
EOC-based formulations. Therefore, it is necessary to design procedures for enhancing their availability
without compromising their properties. Previous studies have reported that nanoemulsions and
microemulsions are promising options for the preparation of eco-sustainable platforms that enable
EOC solubilization, enhancing, in most of cases, their biological activity [20,21]. Furthermore, other
alternatives, such as gel-like and solid lipid particles, liposomes or cyclodextrins, have also been
explored for encapsulation of EOCs. It has previously been demonstrated that encapsulation of EOCs
enhances their stability and activity, enabling sustained release of the loaded molecules [6,22].
In recent years, there has been a growing interest in the use of microemulsions for fabrication
of solubilization platforms for different drugs, with application through different delivery paths:
transdermal, dermal, topical, oral, nasal, ocular, and parenteral [12,23–25]. It is worth noting that,
despite the fact o/w microemulsions offer important advantages for their use as solubilization platforms,
these types of dispersions can only be obtained within a narrow composition and temperature range.
Therefore, it may be suggested that their stability would be compromised upon inclusion of a
solubilized compound, a consequence of the change in composition. This means it is necessary
to make a careful selection of the microemulsions used for solubilization to avoid the undesirable
destabilization phenomena.
This work focused on the design of microemulsions of oleic acid in water for their use as platforms
for EOC solubilization; in this particular case for thymol solubilization. It is worth mentioning that the
use of vegetable oils as the oil phase for dispersions may be convenient from an economic point of view.
Even though oleic acid may influence the conformation of surfactant films at the water/droplet interface,
this fatty acid can facilitate penetration of solubilized compounds through biological membranes,
which can be an advantage for future application of this type of colloidal dispersion in drug delivery,
pest control or cosmetics [26]. Furthermore, the use of dispersions with the same amount of oleic
acid (3 wt%) makes it possible to consider that the effect of the oleic acid will be analogous in the
different dispersions studied in terms of physicochemical properties. The use of oleic acid as the oil
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phase was required because thymol is a solid below 50 ºC, making it necessary to create an adequate
environment for its correct dispersion in practical applications. The microemulsions employed in this
study were stabilized using a pair of surfactants: alkyl polyglucoside (APG) and soybean lecithin (SL).
This study explored the optimal preparation conditions for obtaining stable microemulsions which
were not destabilized even after inclusion of thymol. It is expected that the microemulsions developed
in this work will help in the design of a new generation of eco-sustainable solubilization platforms for
EOCs, thereby enhancing EOC distribution and availability when needed.
2. Materials and Methods
2.1. Materials
Oleic acid (purity > 99%) supplied from Sigma-Aldrich (St. Louis, United States of America) was
used as the oil phase for the preparation of the microemulsions and as the medium for dispersion of the
solubilized molecule. Mixtures of two surfactants were used for stabilizing the microemulsion. These
mixtures were formed by different weight fractions of alkyl polyglucoside (APG), with commercial name
Oramix GC-110 (a 50:50 mixture of caprylylglucoside and caprylglucoside) purchased from Safic-Alcan
(Barcelona, Spain), and soybean lecithin (SL, 2-linoleoyl-1-palmitoyl-sn-glycero-3-phosphocholine,
purity 90%) purchased from Alfa Aesar (Haverhill, United States of America). Thymol (purity ≥ 98.5%,
2-isopropyl-5-methylphenol) was obtained from Sigma-Aldrich (St. Louis, United States of America).
Ultrapure deionized water, used for cleaning and dispersion preparation, was obtained by a
multicartridge purification system, AquaMAXTM-Ultra 370 Series (Young Lin Instrument Co., Ltd.,
Gyeonggi-do, South Korea), presenting a resistivity higher than 18 MΩ·cm and a total organic content
lower than 6 ppm.
2.2. Microemulsion Preparation
The microemulsion preparation process involved successive addition of the weighed amount
(precision ± 0.1 mg) of the different compounds to a vial (10 mL). The final mixture always contained a
fixed amount of the oil phase (3 wt%), with the composition of the other three components (water and
two surfactants) being modified. For the sake of simplicity, dispersions containing fixed amounts of the
surfactant mixture (APG and SL), where the ratio between both components (APG:SL ratio) was varied,
were considered. It is worth mentioning that microemulsions were obtained for APG concentrations
well above its critical micelle concentration, cmc (about 0.18 wt%). This meant information could be
obtained about the ternary pseudo-phase diagram (water/alkyl polyglucoside/soybean lecithin).
The protocol for emulsion preparation can be summarized as follows: first, a fixed amount
of oleic acid (450 mg) was weighed and poured into a vial to obtain final mixtures with an oil
phase corresponding to 3 wt% of the final composition. Afterwards, the required amounts of the
two surfactants (SL and APG) were weighed and added to the oil; first the SL and then the APG.
The obtained mixture was homogenized overnight using a magnetic stirrer (1000 rpm). Finally, water
was added to dilute, until the final composition was reached. The final mixture was homogenized
over 5 h at 50 ◦C using a magnetic stirrer (1000 rpm). After cooling down, this procedure produced
transparent microemulsions for a region of the phase diagram. It is worth noting that the heating
and stirring used for the preparation of the dispersions is not required for obtaining microemulsions.
However, this procedure favors solubilization and dispersion of SL, thereby ensuring the homogeneity
of the obtained dispersions. When thymol solubilization is considered, it must be pre-solubilized in
the oil phase before starting with mixture preparation.
2.3. Determination of the Microemulsion Region
Determination of the boundary of the microemulsion region was evaluated at a temperature of
25 ◦C from a ternary pseudo-phase diagram. This diagram corresponded to a cut of the whole phase,
consistent with the water/alkyl polyglucoside/soybean lecithin/oleic acid system, with the composition
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of the oil phase (oleic acid) being constant at 3 wt%. The microemulsions were identified as those
dispersions that were transparent and stable during at least six months.
2.4. Dynamic Light Scattering
Dynamic light scattering (DLS) measurements were performed using a Zetasizer Nano ZS (Malvern
Instruments Ltd., United Kingdom) at 25 ◦C in a quasi-backscattering configuration (scattering angle,
θ = 173◦) using a He–Ne laser (wavelength, λ = 632 nm). DLS experiments allow one to obtain the
time dependence of the normalized intensity auto-correlation function, g(2)(q,t), that, for a dispersion of
monodisperse scatterers possessing Brownian motion, can be described in terms of a single exponential
decay [27]:
g(2)(q,t) − 1 = βe−2t/τ (1)
where t and τ are the time and mean relaxation time, respectively, and q = (4πn/λ)sin (θ/2) is the
wave vector, with n being the continuous phase refractive index (n = 1.33). In Equation (1), β is
an optical coherence factor which is generally found to be close to 1. Analysis of the intensity
auto-correlation functions allows one to estimate the apparent diffusion coefficient, Dapp = 1/τq2.
For spherical scatterers diffusing in a continuous Newtonian medium, the apparent diffusion coefficient
allows one to estimate the size of the droplets in terms of the apparent hydrodynamic diameter dHapp
by the Stokes–Einstein relationship:
dHapp = kBT/(3πηDapp) (2)
where kB and T refer to the Boltzmann constant and the absolute temperature, respectively, and η is the
viscosity of the continuous phase.
2.5. Fluorescence Spectroscopy
Studies on the solubilization of thymol within o/w microemulsions were carried out by fluorescence
spectroscopy using a fluorescence spectrophotometer FP-6500 from (Jasco Inc., Easton, United States
of America). For the fluorescence spectroscopy studies, a fixed excitation wavelength of 280 nm was
chosen [28].
3. Results and Discussion
3.1. Determination of Oil-In-Water Microemulsion Region
A preliminary step for the use of microemulsions as platforms for EOC solubilization is
determination of the composition range in which the microemulsions appear. This may be easily
performed on the basis of a ternary pseudo-phase diagram, corresponding to a cut of the whole phase
diagram in which the content of the oil phase remains constant at 3 wt% and the temperature is fixed
at 25 ◦C. Figure 1 shows the compositional region in which microemulsions with a fixed amount of oil
phase (3 wt%) were obtained. For evaluation of the cut of the real phase diagrams, different mixtures
containing total surfactant concentration (considering both APG and SL) cs between 0 and 48 wt%
were studied. For cs beyond 48 wt%, the mixture of APG and SL becomes the main component of the
mixtures, thus avoiding the use of the term o/w microemulsion for defining the mixtures appearing
from such compositions. It is worth mentioning that, for the explored concentration range, different
APG:SL ratios were explored for obtaining microemulsions.
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Figure 1. Ternary pseudo-phase diagram representing a cut of the whole phase diagram obtained at
25 ◦C for the dispersion obtained (content of oil phase constant at 3 wt%), with the microemulsion
region corresponding to oil-in-water (o/w) microemulsions (MEs), evidenced in gray. The phase change
of the dispersions to emulsions (E) and gels (G) is evidenced with an arrow in the phase diagram.
The enlarged figure shows the different samples studied within this work. In such a plot, the different
nature of the dispersions obtained are evidenced with different symbols: o/w microemulsion (ME, ),
emulsion (E, ) and gel (G, ). Notice that axes represent the weight fraction of the components, with
the composition of the ternary mixture, water/alkyl polyglucoside (APG)/soybean lecithin (SL), referred
to as 1.
The ternary pseudo-phase diagram presented in Figure 1 shows that the microemulsion region
extends from compositions with a total surfactant (APG+SL) concentration, cs, ranging between 20
and 48 wt%. The decrease of cs below the threshold value of 20 wt% led to the formation of emulsions,
which was also the case when the content of APG in the stabilizing mixture was decreased. In those
cases where the content of SL was higher than that of APG, gel-like systems appeared, with a clear
phase separation developing when SL was the only surfactant used. Despite different phases appearing
for the system considered in this work, our interest lies in the study of those compositions in which
stable o/w microemulsions were obtained. It is worth noting that the ability to stabilize microemulsions
is related to an increase of the APG:SL ratio; i.e., an increase of the amount of APG in the emulsifying
mixtures. Thus, considering dispersions with a fixed concentration of the surfactant mixture, an
increase of the APG:SL ratio decreases the cs value required for obtaining microemulsions (see Figure 2).
The set of samples shown in Figure 2 suggest that an increase of the amount of surfactant for a
fixed concentration of the mixture APG:SL led to a transition from turbid emulsions to transparent ones,
pointing out the important role of APG concentration in the nature of the obtained dispersions. This
may be explained considering the effect of the molecular structure of APG and SL on the packing of the
interfacial film at the water/droplet interface. It would be expected that the saturated hydrocarbon tail
of the APG favors the formation of films in the water/droplet interface, with a higher packing than when
the content of SL—which possesses non-saturated hydrocarbon tails—is high. Therefore, the APG:SL
ratio allows one to control the rigidity of the interfacial layers, providing a basis for reducing the
destabilization mechanism, mainly via Ostwald ripening and coalescence, thus enabling acquisition of
microemulsions. It is worth mentioning that SL is not essential for obtaining microemulsions, while
APG plays a central role in their formation. The absence of APG results in multiphasic systems. Note
that, even though microemulsions can be obtained using only APG as a stabilizer, the introduction
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of SL enables a decrease in the minimum value of cs needed for obtaining stable microemulsions.
Further, SL may favor permeation of solubilized actives through biological membranes in future
applications of prepared emulsions [29]. For the highest concentrations of the surfactant mixtures
(above 40 wt% of the total mixture), a strong increase of the dispersion viscosity was found, leading to
gel-like microemulsions.
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surfact nt mixture of 27 wt%, with the APG:SL ratio increasi g from le t to righ . The arrow indicates
the dir ction in wh ch the concentration of APG is increasing in the surfac ant mixture.
3.2. Characterization of the Droplet Size
Figure 3 shows two sets of intensity auto-correlation functions obtained for different
microemulsions. The influence on the dynamics behavior of microemulsions of the APG:SL ratio for
a fixed cs value (30 wt%) (Figure 3a) and of the cs value for a fixed APG:SL (8:1) ratio (Figure 3b) is
clearly demonstrated. The results found for other cs values or APG:SL ratios are similar for dispersions
within the microemulsion region.
Colloids Interfaces 2019, 3, 64 6 of 13 
 
 
Figure 2. Photos of the dispersions of oleic acid (3 wt%) in water, stabilized by a total concentration 
of surfactant mixture of 27 wt%, with the APG:SL ratio increasing from left to right. The arrow 
indicates the direction in which the concentration of APG is increasing in the surfactant mixture. 
3.2. Characterization of the Droplet Size 
Figure 3 shows two sets of intensity auto-correlation functions obtained for different 
microemulsions. The influence on the dynamics behavior of microemulsions of the APG:SL ratio for 
a fixed cs value (30 wt%) (Figure 3a) and of the cs value for a fixed APG:SL (8:1) ratio (Figure 3b) is 
clearly demonstrated. The results found for other cs values or APG:SL ratios are similar for 
dispersions within the microemulsion region. 
 
Figure 3. Intensity auto-correlation functions for microemulsions: effect of the APG:SL ratio for 
microemulsions containing a fixed total surfactant concentration (cs) value of 30 wt% (a) and of the cs 
value for microemulsions with a fixed APG:SL ratio of 8:1 (b). Results correspond to microemulsions 
with a fixed oil content (3 wt%). 
The results clearly indicate that both an increase of cs for a fixed APG:SL ratio and a decrease of 
this ratio for a fixed value of cs lead to a similar qualitative effect on the dynamic behavior of the 
microemulsions. In both cases, the optical coherence decreases, i.e., the value of β decreases as cs 
increases or the APG:SL ratio decreases. This is a result of the transition from icroemulsions to 
gel-like microemulsions, which is associated with a significant increase of the viscosity of the 
obtained dispersions as cs overcom s 40 wt% of the total c mpositio  of the sa ple. Th refore, the 
dynamic behavior b erved from the au o-correlation functio s of the gel-like microemulsions 
shows a lowd wn of the Br wnian fluctuations, gether with a loss of coherence due t  the 
arrested movement of the microemulsion dropl ts, which prevent estimation of the dHapp for the 
                    
        APG:SLRatio 
           10:1
            8:
            6:1
            5:1
            4:1


























            cs (wt%)
        20 
        25  
        27 
        30 
        35
        40 
        45 
        48 
b)
Figure 3. Intensity auto-correl i s for icroemulsions: effect of the APG:SL rati for
microemulsions containing a fixed total surf t t tr tion (cs) value of 30 wt% (a) and of the cs
value for microemulsions with a fixed :S rati f 8:1 (b). Results correspond to microemulsions
with a fixed oil content (3 wt%).
The results clearly indic t t t th an increase of cs for a fixed APG:SL ratio nd a decrease
of this ratio for a fixed value of cs lead to a similar qualitative effect on the dynamic behavior of
the microemulsions. In both cases, the optical coherence decreases, i.e., the value of β decreases as
cs increases or the APG:SL ratio decreases. This is a result of the transition from microemulsions
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to gel-like microemulsions, which is associated with a significant increase of the viscosity of the
obtained dispersions as cs overcomes 40 wt% of the total composition of the sample. Therefore,
the dynamic behavior observed from the auto-correlation functions of the gel-like microemulsions
shows a slowdown of the Brownian fluctuations, together with a loss of coherence due to the arrested
movement of the microemulsion droplets, which prevent estimation of the dHapp for the gel-like
microemulsions. Thus, in the following, discussion related to the size of the droplets will only be
related to microemulsions with cs up to 40 wt%.
Analysis of the intensity auto-correlation functions indicated that, below the threshold for the
appearance of gel-like microemulsions, a single-exponential decay with time (see Equation (1)) can
describe the dependences found for the microemulsions. Furthermore, the auto-correlation functions
show that the mean relaxation time decreases with the increase of both the APG:SL ratio and cs. This
may be explained as a result of a decrease of the size of the droplets in the microemulsions. This is
clearer from the results shown in Figure 4, where the mean average hydrodynamic diameters obtained
are plotted for different microemulsions.
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The average dHapp values of the microemulsion droplets appeared in the range 10 to 15 nm,
independent of their compositions, showing strong dependencies with both cs and the APG:SL ratio.
Thus, independent of the APG:SL ratio, dHapp decreases with the increase of cs. This may be explained
by assuming that the increase of cs is associated with an enhanced reduction of the surface tension,
which favors the formation of smaller droplets [30], and therefore favoring microemulsion stability.
Analyzing the dependence of the dHapp values on the APG:SL ratio, it is clear that the increase of the
content of APG favors a decrease of the size of the droplets. This may be rationalized considering that
the increase of the APG content for a fixed value of cs leads to the formation of more packed films at
the droplet/water interface.
3.3. Microemulsions for Thymol Solubilization
The above results indicated that the combination of APG and SL may stabilize microemulsions
with a broad composition range. These microemulsions are potential options for the solubilization of
highly hydrophobic compounds, such as thymol. It is worth stressing that the use of microemulsions
containing oil for thymol solubilization, and no surfactant micelles, is required due to the solid character
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of thymol below 50 ºC. Furthermore, it is expected that oleic acid can provide a good environment
for thymol solubilization due to the lower affinity of such EOCs for water, with the oleic acid–water
partition coefficient being about 600 [31]. The choice of the most suitable system for solubilization
purposes was carried out by taking into consideration the fact that the microemulsions chosen possess
a composition far from the onset of the emulsion region. This avoids compositional changes associated
with the inclusion of the solubilized compound, which may have otherwise driven the dispersion
out of the microemulsion region. Considering the above discussion, three different microemulsions
with different values of cs (in the range 18 to 30 wt%) and a fixed value of the APG:SL ratio (8:1) were
analyzed as platforms for thymol solubilization. Such compositions were chosen in such a way that it
was possible to analyze the result of the solubilization within a broad compositional range. Table 1
summarizes the maximum amounts of thymol that microemulsions with different compositions can
solubilize without any evidence of phase separation (φ); i.e., the highest concentration of lipophilic
compound that could be incorporated within the microemulsion without affecting the nature of the
dispersion. The criteria for determining the maximal amount of thymol that could be solubilized
within the microemulsion was the appearance of phase separation, resulting from (i) precipitation
of thymol, (ii) phase separation of the liquid phases, or (iii) significant increase of the turbidity of
the dispersion.
Table 1. Maximal amount of solubilized thymol (φ) as a function of the cs for microemulsions with 8:1
APG:SL ratio used as a solubilization platform. Notice that the results correspond to microemulsions
with a fixed oil content (3 wt%).




The results suggest that the microemulsions with compositions close to the onset of the emulsion
region (cs = 18 wt%) are not good candidates for thymol solubilization, with a loss of stability upon the
inclusion of small amounts of thymol. However, as the composition moved closer to the center of the
microemulsion region, a higher thymol solubilization yield was obtained without any significant effect
on the microemulsion stability, at least considering a similar time scale to that considered for the bare
microemulsions. Thymol inclusion within the microemulsions led to a slight increase in the average
dHapp, as evidenced in the results shown in Figure 5.
The results can be understood assuming that the incorporation of thymol takes place through its
solubilization in the oil phase, consequently decreasing the ratio between the surfactant concentration
and the amount of oil phase, which leads to an increase of the effective volume of the dispersed phase.
Therefore, a larger amount of surfactant would be required to keep constant the apparent hydrodynamic
diameter. However, the introduction of thymol at fixed surfactant concentration increases the average
size of the droplets because the solubilization process drives the dispersion to a new composition
which is closer to the limit of the microemulsion region. Hence, the addition of thymol leads to a loss
of stability of the microemulsions.
3.4. Understanding the Solubilization Process of Thymol
The use of fluorescence spectroscopy allows one to understand changes that occur in the emission
spectrum of molecules as result of solubilization processes. This is possible because fluorescence
spectroscopy has a high sensitivity to the chemical environment in which the fluorescent molecule is
included [32]. Here, the fluorescent emission of thymol after excitation at 280 nm was an advantage in
our study [28]. Figure 6 shows the emission spectra (fluorescence intensity, IF, versus wavelength)
obtained for a solution of thymol in oleic acid and for thymol included in one of the microemulsions.
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The emissi spectrum obtain f r thymol solutions in Figur 6b shows a broad band of
fluoresc nt emission, with a maximum centered around 379 nm. The intensity of this band increases
with the c ncentration f fluorescent molecules (thymol), a expect for solutions of compounds in
w ich quenching phenomena are absent (data not show ). A detailed analysis of this band provides
evidence of the presence of a shoulder at a higher value of wavelength than that corresponding to
the maximum. This is explained considering the existence of a second transition. The two bands
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can clearly be resolved through a deconvolution procedure, assuming the existence of two bands
with a Gaussian profile. Thus, thymol dissolved in oleic acid presents two bands centered at 379 and
435 nm. The appearance of two emission bands may be ascribed to the formation of thymol clusters, in
agreement with results found for other aromatic alcohols [33].
The situation is strongly modified for thymol solubilized within the microemulsions (see Figure 6c).
The incorporation of thymol within the oil phase (oleic acid) of the microemulsion leads to splitting
of the emission spectrum in three different bands, centered at 325, 437 and 530 nm. This shows that,
whereas the band appearing around 435 nm (437 nm for solubilized thymol) is not significantly shifted
after solubilization, the emission band at 379 nm is split into two different bands. The first band appears
at a lower wavelength (326 nm, hypsochromic shift) than that corresponding to thymol solutions in
oleic acid, with the second one shifted to higher values of the wavelength (530 nm, bathochromic shift).
The splitting phenomenon of the emission band may be ascribed to the fact that the solubilization
process leads to the appearance of chemically different microenvironments than those existing for free
thymol in a solution of oleic acid. This effect arises from the confinement of thymol molecules, which
may suggest that the three bands correspond to: (i) thymol solubilized close to the interfacial region of
the droplets (band centered at 326 nm), (ii) thymol clusters solubilized within the bulk of the droplets
(band centered at 530 nm), and (iii) single thymol molecules solubilized within the bulk of the droplets
(band centered at 437 nm). Figure 7 shows the changes on the emission spectrum as a function of the
amount of thymol solubilized within the emulsion.
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The absence of any significant modification in the intensity of the band appearing at the lowest
wavelength with the increase of the thymol solubilized within the microemulsion is a signature of the
solubilization in a region of the microemulsion which is not significantly modified with the increase of
the total oil volume (oleic acid volume + thymol volume). This seems to confirm that such a band
corresponds to the thymol close to the droplet interface, probably incorporated within the APG–SL
layer. Furthermore, the position of such a band is in agreement with previous studies, in which thymol
was solubilized in a similar chemical microenvironment to that expected for the interfacial region of
the microemulsion [34,35]. On the other side, the other two bands present a noticeable decrease of
intensity with the amount of solubilized thymol. This is especially true for the one appearing around
437 nm. This may be the result of an increase in the number of solubilized molecules in the bulk of
the droplets, which leads to a self-quenching phenomenon of the thymol emission. The appearance
of two bands (437 and 530 nm) may again be the result of finding thymol as single molecules and
the formation of clusters involving more than one thymol molecule. It is probably expected that the
confinement may lead to an enhancement of cluster formation, as was shown previously for other
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aromatic compounds [36]. Thus, the appearance of the band at 437 nm may be assigned to thymol
clusters, with that appearing around 530 nm being assigned to thymol molecules solubilized within
the bulk of the droplet. The effect of the confinement and, in particular, of the self-quenching on the
concentration is clearer in the representation of the ratio of the intensities of the emission maxima,
corresponding to the bands at 437 and 530 nm in relation to the intensity of the band at 325 nm,
IF437/IF325 and IF530/IF325, which is shown Figure 8.
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Figure 8. Dependence on the amount of solubilized thymol of the ratio of the intensities corresponding
to the emission maxima of the bands at 437 and 530 nm in relation to the intensity of the band at 325 nm,
IF437/IF325 and IF530/IF325 for microemulsions with an 8:1 APG:SL ratio and different cs: 25 wt% ( and
o) and 30 wt% ( and ). Solid symbols represent the values of IF437/IF325 and open symbols represents
the values of IF530/IF325. Results correspond to microemulsions with a fixed oil content (3 wt%).
The results in Figure 8 show clearly the importance of the band centered at 437 nm, which increases
in importance as cs increases. The importance of this band may be understood by considering the
existence of higher relative concentrations of thymol in the internal region of the emulsion, as a result
of its poor ability to be incorporated in a close-packed interfacial region (high values of IF437/IF325
ratio). Furthermore, the increase in the total surfactant concentration increases the importance of such
a band, which may be explained by considering the decrease of the average droplet size (see Figure 4)
and, hence, with the increase of the confinement effect. It is worth mentioning that the importance of
the band corresponding to the thymol solubilized as single molecules (band at 530 nm) was strongly
reduced with the decrease of droplet size.
4. Conclusions
This work was focused on the design of eco-sustainable platforms for the solubilization of an
EOC: thymol. These solubilization platforms were based in the use of o/w microemulsions, stabilized
by a pair of surfactant formed by an alkyl polyglucoside (APG) and soybean lecithin (SL), with the oil
being oleic acid. The results indicate that it is possible to obtain microemulsions in a broad range of
compositions, with APG:SL ratios and total surfactant concentrations (APG+SL) enabling control of
the properties of the microemulsions obtained, especially the size of the droplets. The optimal choice
of t e dispersion composition allowed for solubilization of ymol, as was proven by fluorescence
spectroscopy, with microemulsions presenting compositions far from those corresponding to the
onset of the emulsion region, being potential candidates as solubilization platforms. The fluorescence
spectroscopy experiments provided evidence for heterogeneous distribution of thymol within the
droplets, with up to three different chemical environments in which thymol can be distributed. It is
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expected that this preliminary study may open new routes focused on the design of effective platforms
for enhancing the availability of poorly soluble molecules with biological interest.
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